Abstract When a comprehensive report on BPA was published in 2008, few data were available to assess the extent to which known poor glucuronidation capacity impacts BPA internal dose in infants and young children. In this paper, evidence that has emerged since the 2008 report is summarized, including: 1) human biomarker studies in children aged 0-5 years; 2) animal studies of neonatal toxicokinetics; and 3) physically based pharmacokinetic (PBPK) models. To address limitations in these studies, we recommend more human biomonitoring studies in children aged 0-5 years in which unmetabolized (free) BPA and BPA metabolites are separately quantified and detailed quality-control data are reported, investigation of metabolic differences between humans and animal species used for the study of BPA metabolism, and enzyme ontogeny studies, which along with biomonitoring studies would reduce uncertainty in PBPK models of early-life BPA metabolism.
Introduction
Bisphenol A (BPA) is a high-production-volume chemical used in the synthesis of polycarbonate plastics and epoxy resins; materials with widespread commercial applications that include drink and food containers, soda, and food can liners; electronics and car parts; and dental sealants [1, 2] . BPA is also present as a thin coating on the surface of thermal printing papers, where it serves as an ink-developing agent, and as a result is widely found on cash register receipts and paper with a high-recycled-paper content [3] .
Widespread BPA exposure in the general population has been documented in several countries and regions of the world, with detection in human urine exceeding 90 % in representative samples of the population [4] [5] [6] [7] . Exposure is thought to occur mainly through the diet due to the presence of BPA in food packaging. Human health concerns arise from its estrogenic properties, which can potentially confer or modify a range of health effects across the lifespan, including developmental and reproductive effects, diabetes and metabolic diseases, obesity, cancer of the reproductive organs, and cardiovascular disease [8, 9•, 10, 11] .
Early-life exposures to endocrine disruptors such as BPA are of particular concern due to their potential to impact key stages of rapid growth and development [12] . Although much research has focused on prenatal exposure to BPA, infancy and childhood may present exposure scenarios with health implications that are unique to those life stages, such as disruption of estrogen-and testosterone-driven synaptogenesis, which peaks in early childhood [13] .
Urinary biomarker data from the U.S. population over agesuggest that the highest levels of exposure may occur in infants [15] and that diet is the main known contributor to BPA exposure [16] . BPA may be present in infant formula and baby food due to leaching from packaging or bottles or can be indirectly passed by the mother through breast milk. Upon ingestion of BPA in adults, the biologically active parent molecule undergoes rapid first-pass metabolism to BPA glucuronide, which is biologically inert and rapidly cleared in the urine [17] . The formation of BPA glucuronide is driven by uridine diphosphate glucuronosyltransferases (UGTs) in the liver and gut. Enzyme activity for hepatic UGTs is lower at birth compared to the adult, a condition that can manifest clinically as jaundice in the newborn. UGT enzyme activity increases with age until it reaches adult levels, which occurs between the ages of 3-6 months and 10 years, depending on the UGT isoform [18] . Since glucuronidation is the main detoxication pathway for BPA in humans and other species, understanding the impact of low infant hepatic UGT activity on BPA metabolism is key to evaluating the potential health risks from early-life exposure to BPA, especially in the neonatal period and infancy.
In this paper, we have systematically reviewed epidemiologic, experimental, and modeling studies of BPA metabolism in early life published in the peer-reviewed literature since the release in 2008 of a comprehensive monograph by the National Toxicology Program Committee for the Evaluation of Risks to Human Reproduction (NTP-CERHR) [1] . We present conclusions based on evidence available since the report and identify current research gaps.
Methods
Articles published between June 2008 and August 2013 and catalogued in PubMed were evaluated independently by two investigators (RMN and JCH). The NTP-CERHR monograph provides a thorough review of the literature through mid-2008 on human toxicokinetics of BPA. Literature relevant to postnatal and early-life toxicokinetics published since 2008 was abstracted in the course of conducting a larger, broader literature review for which a search on the term "Bisphenol" was performed. Titles, abstracts and, when necessary, the text of the article were reviewed to identify publications of original research falling into three categories ( Fig. 1 ): 1) studies reporting both free BPA and either conjugated BPA or total BPA in biologic fluids from children aged 0-5 years; 2) studies of neonatal toxicokinetics using animal models; and 3) physically based pharmacokinetic (PBPK) models of internal BPA dose in infants and young children. Publications reporting measurements of BPA in human biological samples were included even if the studies were not designed specifically to investigate toxicokinetics. An upper age limit of 5 years was chosen because enzyme activity develops rapidly and usually reaches adult levels by this age [10] . In order to ensure adequate laboratory method specificity, only human biomarker and animal studies were considered in which analytes were quantified by high-(or ultra-) performance liquid chromatography or gas chromatography coupled with mass spectrometry; studies in which measurements made using enzyme-linked immunosorbent assay or electrochemical and ultraviolet detection were excluded because they are not adequately specific and may overestimate concentrations of BPA in samples [20] . In addition, human studies were limited to those in which BPA was measured in urine, since serum BPA concentrations in children in the general population are generally too low to be detected [21•] . Studies of cord blood, amniotic fluid, or fluids collected from mothers during pregnancy reflecting prenatal exposure and metabolism were not included in this review. All reported or modeled concentrations were converted to the units μg/L for comparability across studies.
Human Biomarker Studies
We identified 13 studies reporting urinary BPA concentrations in infants and children aged birth to 5 years, of which four studies met the inclusion criteria because concentrations of both free BPA and either total BPA or BPA glucuronide were reported (Table 1) . Studies were conducted in Boston, Massachusetts (USA); Munich, Germany; and Baltimore, Maryland (USA). Sample sizes ranged from 12 to 47 individuals. Three of the 4 studies included both male and female subjects. Information on sex was not reported by Volkel et al., but participants were recruited randomly during pregnancy, so likely both sexes were represented in the study population. The ages of the study populations ranged from 7 days to 15 months. Of note, study population ages ranged from 2 to 5 years in the 9 studies that were excluded because only total BPA was reported [9•, 22-28, 29•, 30] .
Three of the 4 reviewed studies reported concentrations of free BPA and total BPA. Total BPA is equal to the sum of free BPA and BPA glucuronide and is quantified by measuring free BPA in a sample that has been treated with β-glucuronidase, which cleaves the glucuronide group from the metabolite via hydrolysis. Nachman et al. reported free BPA and BPA glucuronide concentrations, measured directly, without enzymatic hydrolysis. Detection frequencies of total BPA or BPA glucuronide ranged from 66 % to 100 %, demonstrating widespread exposure in all the study populations. By comparison, detection frequencies for free BPA were much more variable, ranging from 0 % to 92 %.
The first urinary BPA concentrations measured in infants were reported in 2009 by Calafat et al. This study is distinct in that the 41 participating infants were premature and were staying in a neonatal intensive care unit (NICU), both of which are factors that could potentially influence BPA exposure and metabolism [31•] . Urine was collected from cotton gauze and cotton diaper filling. Medical equipment such as polyvinyl chloride bags and tubing used in NICU settings are known sources of BPA exposure [31•] , and urinary total BPA concentrations in the study population were higher than any concentrations since reported for infants in the general population, who would not be expected to be exposed to BPA via these sources. The reported median concentration of 28.6 μg/L is an order of magnitude higher than the median in the U.S. general population aged 6 years and greater [32] . The reported maximum total BPA concentration of 946 μg/L exceeded urinary concentrations measured in an occupationally exposed population [33] . The detection frequencies for both free BPA and total BPA were 92 % and 100 %, respectively, but free BPA concentrations were much lower compared with total BPA concentrations (median=1.7 μg/L), demonstrating that the infants were capable of a significant level of BPA conjugation. The exact ages of infants in the study were not available, but investigators conducted a visual age assessment, and only infants less than or equal to 44 weeks corrected gestational age (gestational age+weeks since birth) were included in the study. The high correlation between free and total BPA concentrations in the NICU study (r=0.86) may indicate that a consistent percent of free BPA went unconjugated such that the infants with the highest total BPA concentrations also had the highest free BPA concentrations. However, this correlation may also be the result of BPA contamination in that the total BPA concentrations are high because of contamination with BPA. In the other 3 human biomarker studies reviewed, the study populations included infants and young children carried to term who had no known exposures beyond those expected in the general population [34] [35] [36] . Reported concentrations of total BPA and BPA glucuronide were lower in these studies compared to Calafat et al., likely because infants in these studies were not exposed to the same sources of BPA as the infants in the NICU (Table 1 ). In Germany, free BPA was detected in 8 of 91 samples from 47 healthy full-term infants aged 1-5 months [34] . In the same study, total BPA was detected in 66 % of the infants, demonstrating exposure was prevalent in the study population. Median concentrations of both analytes were below the limit of quantification (LOQ). Urine was collected using polyethylene urine collection bags, which would not be expected to contain BPA. Given the proximity of total BPA concentrations to the method LOQ, unless glucuronidation were severely impaired, free BPA concentrations, being a fraction of the total, would be expected to be below the LOQ.
In Boston, Mendonca et al. measured free and total BPA in the urine of 29 healthy full-term infants aged 2-15 months [35] . The median urinary total BPA concentration was 1.8 μg/L. The detection frequency for free BPA was notably high (28 %), although the median urinary free BPA concentration was below the limit of detection (0.4 μg/L). The authors reported that the small sample size and low free BPA detection frequency prevented the evaluation of free BPA as an indicator of metabolic capacity of the study population and that the wood pulp and cotton diapers used for sample collection are possible but unconfirmed sources of BPA contamination. Free BPA detected in urine from one infant with a high urinary total BPA concentration of 89 μg/L may indicate incomplete glucuronidation of BPA in that subject, although it may have been random contamination. A similar situation was reported by Volkel et al. in which a free BPA concentration of 16 μg/L was quantified in urine from an infant with an unusually high urinary total BPA concentration of 17.35 μg/L [34] .
Nachman et al. measured free BPA and BPA glucuronide in urine collected from 12 healthy full-term infants aged 1-6 weeks in Baltimore, Maryland [36] . BPA glucuronide was detected in all samples (median=0.66 μg/L), confirming exposure to BPA in all 12 infants. In contrast to the other studies, free BPA was undetected in all but one sample, for which the replicate was a nondetect. The lack of free BPA detection despite confirmation of BPA exposure in all infants suggests efficient conjugation of BPA in infants, specifically by the glucuronidation pathway, at a very young age. Given the small sample size, these results should be interpreted with caution, as there may be variability in the capacity to conjugate BPA in this age group, and the study population may have inadvertently included only those infants with higher glucuronidation enzyme activities. Unique features of the laboratory analysis method may have contributed to the low incidence of sample contamination including direct measurement of BPA glucuronide and derivatization of both analytes with dansyl chloride. The study did not report total BPA, and thus any BPA sulfate that might have been present in the urine was not accounted for. Significant degree of glucuronidation was found to occur in infants in all studies. High detection frequency of free BPA and correlation of free BPA concentrations with total BPA concentrations in the urine of premature infants in a NICU demonstrated that, although BPA conjugation occurs in this sensitive subpopulation, it may be less efficient than it is in full-term or older infants. The youngest infant of known age studied was 1 week old; thus the results of these studies may not apply in the first days of life, which may be a critical period in terms of both impaired metabolic capacity and developmental susceptibility. When total BPA concentrations are close to the LOQ, free BPA may not be detectable, even under conditions of impaired BPA glucuronidation.
Animal Studies
We identified 4 studies evaluating neonatal toxicokinetics in animal models. One study was excluded from this review because serum concentrations were measured in only one age group [37] . The other three studies were all performed in the same laboratory by Doerge and colleagues (Table 2) . Both oral and subcutaneous routes of exposure were examined through the administration of 100 μg/kg doses of d6-BPA in three different animal models: CD-1 mouse, Sprague Dawley (SD) rat, and rhesus monkey [38] [39] [40] . The dose of 100 μg/kg was considered by the authors to be close enough to the range of human exposure to be relevant to the general population and to be high enough to be detectable in serum enabling the determination of toxicokinetic parameters. HPLC-MS/MS with 13C-BPA as an internal standard was used to identify and quantify both free and total d6-BPA. The use of d6 BPA for dosing solutions eliminated any possible influence of background contamination on the measurements. Doerge et al. reported a significant effect of age on peak serum free BPA concentrations (i.e., the Cmax or maximum concentration) in neonatal CD-1 mice and SD rats, evidence that early-life impairment of BPA conjugation impacts internal BPA dose in rodents [38, 39] . In both mice and rats, free BPA concentrations decreased with age and were not statistically different from those observed in adult animals by postnatalday (PND) 21. In primates -specifically rhesus monkeysconsidered to be a more appropriate model for human BPA toxicokinetics than rodents, age-related differences in BPA conjugation were not statistically significant at PND 5, 35, 70, or adult [40] . At all postnatal ages, free BPA concentrations in primates (based on the Cmax and area under the curve) accounted for less than 1 % of total BPA concentrations in serum. Interestingly, the percent serum BPA concentrations at the Cmax in 4 adult female rhesus monkeys (29±19 % free BPA) were higher than they were in the younger age groups, suggesting that interindividual variability in BPA glucuronidation may exist independent of age. In the 3 studies by Doerge et al. described above, reduced metabolic capacity in the neonatal period was observed to impact internal dose of BPA in rodents but not primates. The 100 μg/kg dose in these experiments corresponds to approximately the same dose administered to adult human volunteers studied by Volkel et al. [17] , and is 5 times the estimated 95th percentile daily intake for 6-11-year-olds based on urinary concentrations in the United States (assuming a body weight of 40 kg) [14] and twice the reference dose of 50 μg/kg for BPA [41] . The null finding in neonatal rhesus monkeys at this dose suggests that, contrary to previous thinking, differences between neonatal and adult metabolism may not significantly impact internal dosimetry of BPA following oral exposure. While data from rhesus monkeys would be expected to be the most relevant to humans of the three animal models explored, the possibility of species differences between humans and rhesus monkeys cannot be dismissed.
PBPK Studies
Two PBPK models have been published estimating serum free BPA concentrations at early ages (Table 3) ; only results based on real-life exposure scenarios are presented in the table. Mielke et al. reported estimated steady-state as well as peak blood concentrations for free BPA for several age groups ranging from birth to 4.5 years [42] . Steady-state concentration, a measure of internal dose, represents the average serum free BPA concentration over time. The peak concentration, on the other hand, is analogous to the Cmax in a controlled toxicokinetic study and is an appropriate metric for BPA internal dose, as most BPA exposure is thought to occur episodically with food intake, resulting in blood concentrations that fluctuate with time. Intake rates from two European Union reports [43, 44] were applied as inputs in the model, along with a number of age-appropriate physiologic and toxicokinetic parameters. Mielke et al. estimated that the highest peak serum concentration would be 0.34 μg/L in newborns and infants up to 3 months of age who were fed from polycarbonate bottles. For infants fed from nonpolycarbonate bottles, a lower estimated peak of 0.071 μg/L was reported. Steady-state concentrations reported by Mielke et al. are presented in Table 3 . This model is unique in its inclusion of both sulfation and glucuronidation as presystemic metabolic pathways [45] .
In a second PBPK study, Edginton and Ritter estimated steady-state serum concentrations of free BPA and BPA glucuronide with a model that reflects reduced glucuronidation capacity in the 0-3-month age group, followed by rapid maturation of this metabolic pathway [46] . When ageappropriate external exposure estimates were used as inputs in the model, the resulting steady-state serum free BPA concentrations (presented only in graph form) were similar to those reported by Mielke et al., except for in the newborn [47] . Peak serum concentrations of free or conjugated BPA were not estimated by Edginton and Ritter. The PBPK models presented here produced quantitative data on serum free and conjugated BPA levels in humans under the age of 5 years that would not otherwise be available for this age group. A number of age-specific human physiologic parameters were included in the models. Significant uncertainty in both models arises from the age-related scaling of toxicokinetic parameters based on data from clinically obtained data on early-life metabolism of morphine, which is primarily glucuronidated by the isoform UGT2B7. UGT2B15 is known to play a much larger role in glucuronidation of BPA than UGT2B7 [48] ; however, comparable age-specific toxicokinetic data for UGT2B15 are not available.
Discussion

Summary of the Findings
Although not a large body of literature, the publication of 4 human biomarker studies in infant populations, 3 animal studies in neonatal mice, rats, and rhesus monkeys, and 2 PBPK models of age-dependent internal BPA dosimetry represent significant progress and increased data availability relating to neonatal BPA metabolism within the last 5 years. In 2008, only 2 studies of neonatal metabolism in rats -one in vitro [49] and the other in vivo [50] -represented the entirety of the literature on this topic. In their list of 10 Critical Data Needs for the evaluation of BPA toxicity, the NTP-CERHR specifically identified the need for more measurements of free and conjugated BPA in neonatal biological samples as well as the need for PBPK models of early-life internal dose [1] . Three types of studies were considered in this review, and the findings differed by study type.
Human Biomarker Studies
In human studies, BPA glucuronide accounted for most or all of the BPA measured in urine from 4 different infant populations, which both confirmed exposure in this population and demonstrated substantial capacity to metabolize BPA at the levels at which the infants were exposed. Inconsistency of findings among biomarker studies may be due to differences in exposure levels or developmental stages of the study populations. In the case of the study of premature infants in a NICU, urinary concentrations in some cases were 2-3 orders of magnitude higher than measurements reported in other infant studies, reflecting higher exposures in a NICU setting. It is possible that free BPA is more likely to be detected in a high-exposure scenario and that it could reflect low conjugation capacity that is undetectable in lowerexposure scenarios. Also, impaired glucuronidation capacity may be more pronounced or more widespread in premature infants compared with those carried to term. Low sample sizes and different population demographics may also contribute to the inconsistencies among the 3 studies of healthy full-term infants, although infrequent or no detection of free BPA in 2 of the 3 studies, one including neonates as young as 7 days of age, suggests that very efficient BPA glucuronidation may be possible in infants with no mitigating factors. On the other hand, detection of free BPA in 92 % of urine samples in a population of premature infants in a NICU indicates that prematurity and/or high exposure may be factors that mediate the impact of neonatal toxicokinetics on internal BPA dose.
Inadvertent contamination of samples by BPA during handling is always a consideration when interpreting free BPA concentrations in any biological samples and may have accounted for the detection of free BPA in healthy infants. The ubiquitous presence of BPA in both field and laboratory settings significantly complicates the determination of metabolic profiles for BPA in human biological fluids and tissues [51] . BPA contamination from background sources is indistinguishable from free BPA eliminated in the urine following absorption, metabolism, and distribution in the body. Background concentrations also tend to be highly variable, preventing the quantification of a mean background level with which to blank-correct samples. BPA glucuronide would not be expected to be found outside the body, and thus contamination should not affect levels of BPA glucuronide in biological samples. An experimental study of BPA toxicokinetics in humans using d16-BPA, a stable isotope that behaves like BPA in the body, has been conducted in adults [17] but, for ethical reasons, is not possible in children. Nonetheless, measurements of free BPA and BPA conjugates in urine of infants and young children who are exposed through everyday activities can be useful in exploring changes in the BPA metabolic profile that occur at an early age.
Animal Studies
Although age was significantly associated with BPA glucuronidation in CD-1 mice and SD rats in studies by Doerge et al., no significant age-related differences in BPA glucuronidation were found in a study of neonatal and adult rhesus monkeys conducted by the same investigators using similar methods. Serum free BPA levels were <1 % of total BPA in neonatal monkeys at postnatal day 5, even at peak levels (Cmax), following an oral dose of 100 μg/kg. On the other hand, 29±19 % free BPA accounted for total BPA concentrations in adult monkeys in the same study, raising the possibility of interindividual variability that was not captured by the small sample size. Because rhesus monkeys are expected to be a better model of human BPA metabolism than rodents such as the CD-1 mouse and SD rats, despite the observed effect of age on BPA metabolism in rodents, the lack of evidence of reduced BPA conjugation in rhesus monkeys suggests that neonatal conjugation capacity may not significantly alter BPA internal dose in human neonates.
The use of d6-BPA by Doerge et al. for the dosing of animals in all 3 studies included in this review adds considerable validity to the reported findings, as any contamination of samples with BPA during handling does not impact measured concentrations of free d6-BPA. The ability of the investigator to circumvent issues such as sample contamination and inadequate measurement method sensitivity by administering controlled doses of d6-BPA is one advantage of studying neonatal BPA toxicokinetics in animals. However, the relevance of animal study data to human populations is uncertain due to possible interspecies differences, such as UGT isoform sequences or UGT ontogeny, such that BPA conjugation occurs at a lower rate or develops at a later age in humans than in rhesus monkeys.
PBPK Models
Both PBPK models predicted that reduced glucuronidation capacity would increase the bioavailability of free BPA in neonates and infants under the age of 3 months. Consistency among PBPK models and with toxicokinetic data from an intentionally exposed group of adult volunteers supports the validity of these models. Given the same weight-normalized intake of BPA, steady-state serum free BPA concentrations were predicted to be higher in infants aged 0-3 months compared to adults by a factor of 3 in the model by Mielke el al., and by a factor of 11 in the model by Edginton and Ritter.
PBPK models of internal dose in infants and children combine age-dependent toxicokinetic parameters, external exposure data, and allometric scaling of other physiologic features to calculate serum concentrations of the substance of interest. One influential input in a PBPK model estimating early-life internal free BPA concentrations is the agedependent rate at which BPA undergoes glucuronidation in the liver. Given estimates that the oral route accounts for as much as 99 % of BPA exposure [16] , first-pass metabolism of BPA plays an important role in determining whether BPA enters the blood compartment as either the active (unconjugated) or inactive (conjugated) form. Toxicokinetic parameters for glucuronidation vary greatly by substance and by age. By way of example, morphine and acetaminophen, the metabolism of which are well studied in infants and young children in clinical settings, both undergo glucuronidation, but because they have different affinities for different UGT isoforms, and those isoforms in turn have different developmental timelines, hepatic metabolism of morphine is estimated to occur at adult levels by the age of 1 year, compared with 10 years of age for acetaminophen [52] .
It should be noted that both models cited in this review relied on studies of UGT2B7 ontogeny, not UGT2B15, for scaling of toxicokinetic parameters. While UGT2B7 may contribute to BPA conjugation, UGT2B15 enzyme activity is about 3 times higher than UGT2B7 activity in an in vitro model testing several recombinant UGT isoforms [48] . Also, a significant limitation of PBPK models is the scarcity of urine biomarker data in infants from which to estimate exposures. Exposure estimates in the model were based on source aggregations, which are much less certain than estimates from urine biomarkers.
Conclusion and Future Research Directions
The inconsistencies across the 3 types of studies need to be interpreted cautiously, as each study type has a unique set of limitations, some of which can be addressed in future research. We make the following recommendations to address data gaps and reduce uncertainty in estimates of internal dose of BPA in infants and young children.
1.
Better reporting of quality-control methods and data is needed to assist readers in evaluating the influence of free BPA from field and lab sources on the results. 2. More measurements are needed of urinary free BPA and total BPA from larger and more diverse study populations that include children aged 5 years and younger, especially neonates and young infants. The contribution of these measurements is twofold. First, back-calculation of intake rates from urinary total BPA concentrations would provide better estimates of exposure in this age group. The two PBPK studies reviewed here demonstrate the strong influence of external exposure estimates on modeled internal dose. Secondly, separate quantification of free BPA in urine is an important indicator of presystemic metabolism in infant populations under real life conditions. With proper quality-control measures to ensure that samples are not contaminated during collection, handling, storage, and/or analysis, data on free BPA have the potential to demonstrate age-dependent variations in the capacity for BPA conjugation. 3. Separate quantification of BPA glucuronide and BPA sulfate concentrations in early-life urine samples is needed to explore the potential role of sulfation in early-life BPA metabolism. BPA sulfate can undergo enzymatic hydrolysis in the presence of β-glucuronidase such that measurements of total BPA by enzymatic hydrolysis potentially reflect the sum of not only free BPA and BPA glucuronide, but BPA sulfate as well. Sulfation of BPA has been demonstrated in vitro and is known to be more developed in the neonate than glucuronidation [19] .
4. More study of UGT isoforms responsible for BPA metabolism in humans and in animal models is needed to better gauge the validity of extrapolation of BPA toxicokinetic data from nonhuman species to humans. 5. In vitro studies are needed that better characterize the ontogeny and interindividual variability of glucuronidation by the UGT2B15 isoform. These would improve scaling of toxicokinetic parameters in PBPK models of internal dose in infants and young children.
The internal dose of BPA in neonates, infants, and young children remains an important factor in estimates of health risk from BPA exposure early in life. The quality of internal dose estimates obtained via PBPK models depends on the quality of pharmacokinetic data available to be used as inputs in the model. Human biomarker studies and animal toxicokinetic studies provide context in which to consider the validity of PBPK models for predicting age-dependent internal BPA dose. Conjugation of BPA via glucuronidation (and potentially sulfation) is an important detoxication pathway in humans that may be impaired at birth and for a period of time in early human development. Understanding the timing and extent of impairment will improve assessments of human health risk in this vulnerable subpopulation. However, it should be noted that even given rapid and efficient first-pass metabolism of BPA, biologically active BPA may still reach target tissues either via bypassing presystemic conjugation as plasma-bound BPA or through deconjugation at target tissues. In addition, although BPA exposures have recently decreased in the general population [53] , this trend is likely due in part to the introduction of replacements, some of which are similar in structure to BPA and may act by a similar mode of action, raising the possibility of other environmental exposures of concern in the general population and/or possible cumulative effects of exposure to several related phenolic compounds, including BPA.
In this paper we have reviewed the literature on a topic that has generated debate among researchers in the field. The study of BPA toxicokinetics cannot independently provide an answer regarding the health risks associated with BPA exposure, but it is a crucial component of any evaluation of the toxicity of this ubiquitous compound. To assess whether known poor glucuronidation capacity impacts the internal dose of BPA in infants and young children exposed to BPA, we examined published results of human biomarker studies, animal studies, and PBPK models. Inconsistent findings among studies may be explained by the limitations of each study design. By addressing issues such as contamination of human biological samples with BPA from field and laboratory sources, gaps in our knowledge of interspecies differences in BPA metabolism, and the need for better data to inform exposure and toxicologic parameters in PBPK models, we can gain a better understanding of age-dependent differences in BPA metabolism.
